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Abstract
Many new physics models contain new particles that interact with the Higgs
boson. These particles could be produced at the LHC via gluon-gluon fusion with an
off-shell Higgs and, if charged under a gauge group, also via gluon-gluon fusion with
an off-shell Z boson and the Drell-Yan process. We consider in this paper simplified
scenarios where the Standard Model is extended by one scalar or fermionic field that
interacts with the Higgs boson and we evaluate the impact of the Higgs interaction
on the production of the exotic particles at the LHC. This analysis applies in
particular to TeV scale seesaw scenarios of neutrino mass generation.
1 Introduction
The discovery by the ATLAS and CMS collaborations of a new boson with a mass of
approximately 125 GeV has opened a new era in Particle Physics [1, 2]. On the one
hand, the measured properties of the new bosonic particle are in remarkable agreement
with those expected for the long-awaited Higgs boson [3], predicted by the mechanism of
spontaneous breaking of the electroweak symmetry to generate the gauge boson, charged
lepton and quark masses. On the other hand, the discovery of the new boson also consti-
tutes evidence for a new fundamental interaction in Nature. From the theoretical point
of view, this new interaction plays a crucial role in preserving the perturbative unitarity
of the theory at high energies and in guaranteeing the renormalizability of the Standard
Model (SM). However, it also has many phenomenological implications, such as the im-
print it leaves in the electroweak precision measurements which led to indirect hints for
the existence of the Higgs boson already in the LEP era [4], or its production at the LHC
and decay into other particles, that led to its identification.
New particles beyond the SM could also couple to the Higgs field. More specifically,
the gauge and the Lorentz symmetries allow interaction terms of the Higgs doublet H
with new scalars Si of the form |H|2|Si|2, among other terms, or with fermions Ψ1, Ψ2
of the form Ψ¯1Ψ2H . We consider for simplicity a minimal number of new degrees of
freedom in addition to the SM, that is we explicitly analyse the production in proton-
proton colliders of new particles in models with just one extra SU(2)L scalar multiplet
or one new chiral fermion. Under these assumptions, it can be checked that the scalar
Higgs portal term is present in the potential for any assignment of the gauge quantum
numbers for the scalar field, while the fermionic Higgs portal term exists only if either
Ψ1 or Ψ2 is one SM lepton and the new chiral fermion has gauge quantum numbers
under SU(3)c×SU(2)L×U(1)Y equal to (1, 1, 0) or (1, 3, 0) (these two cases correspond
to the renown type I [5] and type III [6] seesaw mechanisms, respectively). Thus new
scalars or fermions can be produced at the LHC via their electroweak gauge interactions
with the partons inside the protons (see, e.g., [7, 8, 9]). However, this is not the only
possibility for production, since the newly discovered Higgs particle can also mediate the
production of exotic scalars or fermions. Due to the fairly good recent determination of
the mass and some of the couplings of the Higgs boson, a quantitative analysis of the
impact of the Higgs boson on the production rate of exotic particles at the LHC has now
become possible. Therefore, we perform in this work a quantitative comparison between
Higgs-mediated channels and the well-known electroweak production channels. To the
best of our knowledge, such a systematic analysis has not been done before.
The paper is organized as follows: In section 2 we recapitulate basic elements of
the formalism to calculate the production cross-section of exotic particles at the Large
Hadron Collider. In section 3 we study the production of exotic scalars, while in section
4 the production of exotic fermions is analyzed, considering in both sections a center-
of-mass energy of 8 and 14 TeV. In section 5 we briefly comment on the prospects to
observe exotic particles in a hypothetical proton-proton collider operating at a center-
of-mass energy of 100 TeV and, lastly, in section 6 we present our conclusions.
2
2 Heavy particle production at the LHC
New physics states interacting with the Higgs boson can be produced at the LHC via the
gluon-gluon fusion (ggF) vertex with a Higgs particle.1 The leading order contribution to
this vertex consists of a triangular diagram with the top quark in the loop and subleading
corrections due to the bottom quark, while lighter flavours are essentially negligible. We
follow the common procedure in the literature [10] and take the gluon-gluon-Higgs (ggH)
process into account by introducing an effective Lagrangian for the Higgs interaction with
gluons
LH,eff = 1
4
GH G
a
µν G
aµν h
v
, (1)
where GH is an effective coupling and v ≃ 246 GeV is the Higgs vacuum expectation
value (vev), while Gaµν and h correspond to the gluon field strength tensor and the Higgs
field respectively.
The effective coupling can be determined by matching the amplitude of the effec-
tive theory to the corresponding amplitude in the SM and is given, keeping only the
contribution of the top quark, by
GH =
αS
2 π
∣∣∣∣FH (4m2tP 2
)∣∣∣∣ , (2)
where αS is the strong coupling constant and FH corresponds to the well-known triangle
form factor [12] which depends on the top quark mass mt = 173.5 GeV and the mo-
mentum scale of the process P . Depending on whether the process considered is on-shell
Higgs production or new physics production from a Higgs boson at arbitrary virtuality,
the scale P is either set by the Higgs mass mh ≃ 125 GeV or by the total partonic
center-of-mass (c.o.m.) energy
√
sˆ. The form factor can be calculated analytically and is
given by
FH(τ) = τ [1 + (1− τ) f(τ)] , (3)
with
f(τ) =

arcsin2
1√
τ
if τ ≥ 1
−1
4
[
log
(
1 +
√
1 − τ
1 − √1 − τ
)
− i π
]2
if τ < 1 .
(4)
Furthermore, an additional contribution to gluon-gluon fusion can arise from the
gluon-gluon-Z (ggZ) triangle diagram2. Since we are only interested in the production
1We will not consider here the production via vector boson fusion, although this process could give
a non-negligible contribution to the cross-section at large momentum transfer [11].
2Furry’s theorem forbids the analogous process with an intermediate photon.
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from real on-shell gluons in the initial state, the general form of the ggZ vertex originally
derived in [13] can be simplified and the effective Lagrangian reads
LZ,eff = 1
4
GZ ∂α Z
αGaµν G˜
aµν , (5)
where G˜µν is the dual of the field strength tensor. The effective coupling GZ is given
by [14]
GZ =
αs
2 π
e
sw cw
∣∣∣∣∣∑
Q
(−1)Q FZ(sˆ, m2Q)
∣∣∣∣∣ , (6)
where sw and cw correspond to the sine and the cosine of the Weinberg angle, while the
form factor reads
FZ(sˆ, m
2
Q) =
1
sˆ
{
1 +
2m2Q
sˆ
∫ 1
0
dx
x
log
[
1− sˆ
m2Q
x (1− x)
]}
. (7)
The sum runs over all quark flavours Q present in the triangle loop and (−1)Q equals
+1 for up-type quarks and −1 for down-type quarks. The first term in the from factor
in Eq. (7) is flavour-independent and therefore drops out once the sum over complete
generations of quarks is performed. As the second term is proportional to the square
of the quark mass, the top contribution will be once again dominant and lighter quark
flavours can be safely neglected.
With the effective couplings GH and GZ , the partonic cross-sections can be calculated
in different models; the corresponding expressions for the production of exotic scalar and
fermionic particles will be reported in sections 3 and 4. We point out that the Higgs- and
Z-mediated gluon-gluon fusion amplitudes do not interfere due to their different Lorentz
index structure.
At the LHC, the production cross-section of the final state X1X2, where X1 and
X2 are not necessarily different particles, is the result of the convolution of the partonic
cross-section with the corresponding parton distribution functions (PDFs) (see e.g. [11]).
More specifically for the case of gluon-gluon fusion,
σ (p p→ X1X2; s) =
∫ 1
τs
dLgg
dτ
σ (gg → X1X2; sˆ = τs) dτ , (8)
where τs ≡ (mX1+mX2)2/s,
√
s is the center-of-mass energy of the proton-proton collision
and Lgg is the gluon luminosity function, defined as
dLgg
dτ
=
∫ 1
τ
g (x, µF ) g
(
τ
x
, µF
)
x
dx . (9)
The gluon PDF, g(x, µF ), depends on the fraction x of the proton momentum carried
by the parton and on the factorization scale µF , which represents the scale at which
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the matching between the perturbative calculation of the matrix elements and the non-
perturbative part related to the parton distribution functions is performed. In our anal-
ysis we will focus on the leading order contributions to the production cross-section of
exotic particles via gluon-gluon fusion, however, it should be borne in mind that higher
order corrections to this production channel can significantly enhance the cross-section.
For example, comparing leading order results to state-of-the-art calculations for single
Higgs production [15], one finds K ≡ σNNLO+NNLL/σLO ∼ 3 at 14 TeV.
The same final state can be generated via the Drell-Yan (DY) process, i.e. by the
exchange of an off-shell photon and/or Z boson in the s-channel in a quark-antiquark
collision. The corresponding production cross-section via this channel reads
σ (p p→ X1X2; s) =
∑
q=u,d
∫ 1
τs
dLqq¯
dτ
σ (qq¯ → X1X2; sˆ = τs) dτ , (10)
where the quark luminosity function is
dLqq¯
dτ
=
∫ 1
τ
q (x, µF ) q¯
(
τ
x
, µF
)
+ q
(
τ
x
, µF
)
q¯ (x, µF )
x
dx , (11)
with q(x, µF ) and q¯(x, µF ) the quark and antiquark PDFs, respectively. The relative
importance of the two production mechanisms depends on the details of the new physics
model. In the following, we discuss separately the case of scalar particle production and
of fermionic particle production.
3 Scalar multiplet production at the LHC
We consider a minimal extension of the SM with one additional complex scalar field S,
assumed to be uncoloured, and which is a generic multiplet of SU(2)L with weak isospin
T and hypercharge Y (we will not consider new particles which are charged under SU(3)c
as their production is completely dominated by strong interactions). The scalar field S
has n = 2 T + 1 components, which are
S = (S1, . . . , Sn)
T . (12)
Then, all the interactions of S with the SM electroweak gauge bosons and the Higgs
doublet H are given by the Lagrangian
LS = (Dµ S)† (Dµ S) − V (S,H) . (13)
In the charge basis the covariant derivative Dµ takes the usual form,
Dµ = ∂µ− i g√
2
(
W+µ T
+ + W−µ T
−
)−i 1√
g2 + g′2
Zµ
(
g2T 3 − g′2Y
2
)
− i gg
′√
g2 + g′2
AµQ ,
5
where we define the electric charge Q = T 3 + Y/2.
We consider as benchmark scenario in our discussion the most generic renormalizable
scalar potential V (S,H) [16] invariant under a global U(1) symmetry:3
V (S,H) = µ2H H
†H + f1
(
H†H
)2
+ µ2S S
†S + f2
(
S†S
)2
+ f3
(
H†H
) (
S†S
)
+f4
(
H†τaH
) (
S†T aS
)
+ f5
(
S†T aS
) (
S†T aS
)
. (14)
We define T a (τa) for a = 1, 2, 3 as the generators of SU(2)L in a generic (the funda-
mental) representation, such that, in a basis in which T 3 is diagonal, T 3S1 = TS1 and
T 3Sn = −TSn.
After electroweak symmetry breaking, one of the components of S is neutral for
particular choices of the weak isospin and the hypercharge. In the following, we assume
that the neutral component of the scalar multiplet does not acquire a vev (or acquires only
a very small vev, as in the examples that will be shown later), such that the formalism
for the gluon-gluon fusion production mechanism described in section 2 can be applied.
The coupling f4 in Eq. (14) controls the mass splitting of the multiplet components,
at tree level.4 In the following, we will classify the multiplet components by the electric
charge, where we refer to the component with charge equal to Q by S(Q). In this notation,
the tree level squared mass of each eigenstate after electroweak symmetry breaking is
given by
m2S(Q) = µ
2
S −
1
4
ΛQ v
2 , (15)
where the coupling ΛQ is defined as
ΛQ = − 2 f3 + f4 T 3 = − 2 f3 + f4
(
Q− Y
2
)
, (16)
and controls the strength of the interaction of the Higgs boson with two scalars, namely
Lint = 1
2
ΛQ v h S
(Q)S¯(Q) +
1
4
ΛQ h
2 S(Q)S¯(Q) . (17)
Note that the mass splitting among the members of the multiplet, labelled by their elec-
tric charges, can be positive or negative depending on the sign of the quartic coupling f4.
3In the case of a real multiplet, the kinetic term in Eq. (13) is multiplied by a factor 1/2 and the
operator S†T aS in Eq. (14) is identically zero, so that the components of a real multiplet are degenerate
in mass.
4If the global U(1) is explicitly broken to an accidental Z2 symmetry, then for n even and Y = 1 the
operator (H†τaH˜)(S†T aS˜) is allowed, where H˜ and S˜ are the conjugate scalar multiplets. This operator
provides an independent contribution to the relative mass splitting of the S components.
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The parameter space spanned by the multiplet masses and couplings is constrained by
various theoretical and phenomenological considerations, as we will briefly discuss now.
Under the common requirement of vacuum stability, the following tree level conditions
for the couplings must be fulfilled [16]:
f1,2 > 0 , (18)
ΛQ < 4
√
f1f2 = 2
mh
v
√
2 f2 ≃ 5 , (19)
where in the last equation the numerical value corresponds to the perturbativity limit
f2 = 4π.
Unitarity bounds on scalar-scalar and scalar-gauge boson scattering amplitudes con-
strain the couplings in the scalar potential. These constraints are model dependent and
must be derived for each multiplet dimension and choice of hypercharge and U(1) or Z2
charge from the contributing process amplitudes involving the corresponding couplings.
Constraints from tree level partial wave unitarity impose that n ≤ 8 (n ≤ 9) in the case
of a complex (real) scalar multiplet (see, e.g., [17]). Furthermore, electroweak precision
constraints, which are usually formulated in terms of the so-called oblique parameters
S, T and U [18], need to be taken into account. The most stringent constraint stems
from the T parameter, while S and U provide weaker limits. Expressions for these in the
case of an additional scalar multiplet of arbitrary size, which does not acquire a vacuum
expectation value, have been calculated in [19]. Also, additional charged scalars coupled
to the Higgs contribute to the h → γγ rate [20]. Concerning the mass spectrum, the
invisible width of the Z boson typically implies a lower bound, mS(Q) & mZ/2 ≃ 45
GeV.
Notice that a complex scalar multiplet can provide a viable dark matter candidate
if it has a vanishing hypercharge –as dictated by direct detection constraints– and if its
lightest component is neutral. Interestingly, in the case of a scalar multiplet of dimension
n ≥ 7 and Y = 0, the neutral component is naturally long lived, without imposing any
additional global symmetry, because it is not possible to construct renormalizable or
dimension-5 operators that would mediate decays into SM particles [21].
We finally remark here that our results also hold in the case in which the vev of
the new multiplet is non-zero, provided it is much smaller than the electroweak scale.
In this case the global U(1) symmetry is only softly broken and the mixing between the
neutral component of the multiplet and the Higgs boson is negligible. For example, this
occurs in two-Higgs doublet models with an approximate global U(1) symmetry, where
a hierarchy between the vevs of the doublets, φ1 and φ2, can be naturally achieved by
adding to the scalar potential the term µ2φ†1φ2, with µ ≪ 1 GeV, which softly breaks
the global symmetry [22, 23]. Such explicit breaking of the symmetry can be avoided by
7
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Figure 1: Relative contribution of the normalized gluon-gluon fusion vertex and the Drell-Yan
production cross-sections as function of the scalar mass for 4 different SU(2)L multiplets, with√
s = 8 TeV (left panel) and 14 TeV (right panel). The number on each line corresponds to
the electric charge of the scalar particle.
the introduction of an additional scalar, say φ3, whose vev generates the required term:
µ2 = µ′〈φ3〉. As long as µ′ ≪ 1 GeV, the minimum of the scalar potential corresponds to
〈φ2,3〉 ∝ µ′ ≪ 〈φ1〉, 〈φ3,2〉 [23] (see, e.g., [24] for a concrete realization of this scenario).
Similar considerations are valid in the Higgs triplet model, where S is in the adjoint of
SU(2)L and has hypercharge Y = 2. This scenario is similar to the scalar part of the
type II seesaw model for the generation of neutrino masses [25]. In this case the global
symmetry is equivalent to the total lepton charge and it is explicitly broken by the term
µ′HT iτ2S
†H in the scalar potential. After the spontaneous breaking of the electroweak
symmetry, the neutral component of the triplet takes a vev, 〈S0〉 ≃ µ′v2/2µ2S ≪ v.
Indeed, an upper limit on 〈S0〉 is provided by the measurement of the ρ parameter,
〈S0〉/v . 0.02 or 〈S0〉 . 5 GeV [26]. Similarly to the two-Higgs doublet model discussed
above, the hierarchy between the vev of the triplet and the electroweak scale is possible
because the scale µ′ is naturally suppressed at all orders, due to the presence of a global
(lepton number) symmetry.
The leading order ggZ cross-section for the production of a scalar-antiscalar pair
vanishes [7], so that only Higgs-mediation is relevant here. The partonic cross-section
with c.o.m. energy
√
sˆ is
σ
(
g g → S(Q)S¯(Q); sˆ) = Λ2QG2H
√
sˆ
√
sˆ− 4m2
S(Q)
4096 π (m2h − sˆ)2
, (20)
where the effective coupling ΛQ is given in Eq. (16) and the gluon-gluon fusion effective
coupling GH is defined in Eq. (2).
On the other hand, the leading order Drell-Yan production cross-section of a scalar
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pair for a generic multiplet of weak isospin T and hypercharge Y reads, for up-antiup
quark collisions and neglecting the quark masses,
σ
(
u u¯→ S(Q)S¯(Q); sˆ) =
π α2em sˆ
(
1− 4m2
S(Q)
/sˆ
)3/2
288 c4w s
4
w (m
2
Z − sˆ)2
[
4Q2 c4w
(
16m4Zs
4
w
9 sˆ2
− 1
)
+ 4
(
Qc2w −
2 Y s2w
3
)2
+
(
2Qc2w
(
1− 4m
2
Zs
2
w
3 sˆ
)
− Y
(
1− 8 s
2
w
3
))2
+
8
3
Y 2 s2w
(
c2w − s2w
)]
, (21)
while for the down-antidown quark initial state,
σ
(
d d¯→ S(Q)S¯(Q); sˆ) =
π α2em sˆ
(
1− 4m2
S(Q)
/sˆ
)3/2
288 c4w s
4
w (m
2
Z − sˆ)2
[
4Q2 c4w
(
4m4Zs
4
w
9 sˆ2
− 1
)
+ 4
(
Qc2w −
Y s2w
3
)2
+
(
2Qc2w
(
1− 2m
2
Zs
2
w
3 sˆ
)
− Y
(
1− 4 s
2
w
3
))2
+
4
3
Y 2 s2w c
2
w
]
. (22)
For charged scalar production, there is a contribution to the production cross-section
both from photon and from Z boson exchange, hence the DY partonic cross-sections
can be relatively enhanced or suppressed depending on the electric charge and weak
isospin of each multiplet component. Notice that for Y = 0 and odd n the neutral
component of the multiplet cannot be pair produced through electroweak interactions.
The total production cross-section at the LHC is obtained by convoluting the single
partonic cross-sections with the appropriate parton distribution functions, as described
in section 2.5
We show in Fig. 1 the ratio between the gluon-gluon fusion cross-section σggF nor-
malized to the squared effective scalar coupling ΛQ and the Drell-Yan production cross-
section σDY for proton center-of-mass energies of 8 TeV (left panel) and 14 TeV (right
panel). This quantity is, for a fixed mS(Q), independent of the quartic couplings in the
scalar potential and is determined exclusively by the electroweak quantum numbers of
the scalar multiplet, as can be checked from Eqs. (20-22). The overall cross-section for
each production mechanism is calculated using Eqs. (8-11) and (20-22) for several SU(2)L
representations with fixed hypercharge. The numbers on each line represent the electric
charge of the scalar mass eigenstate. In the numerical computation we use the CTEQ6
PDFs [28] and we fix both the factorization scale µF and the renormalization scale of
the strong coupling constant at the invariant mass of the final state. As is noticeable
from the plot, the dependence of the Higgs-mediated production cross-section with the
5The numerical results have been checked against a computation using CalcHEP 3.4 [27].
9
T=12, Y=1
gg fusion
Drell-Yan
s = 8 TeV
f3 = 1.5
f4 = -0.6
1
0
100 500200 300150 70010
-7
10-6
10-5
10-4
10-3
10-2
10-1
100
mSHQL @GeVD
cr
o
ss
-
se
ct
io
n
@p
bD
T=12, Y=1
gg fusion
Drell-Yan
s = 14 TeV
f3 = 1.5
f4 = -0.6
1
0
100 500200 300150 70010
-7
10-6
10-5
10-4
10-3
10-2
10-1
100
mSHQL @GeVD
cr
o
ss
-
se
ct
io
n
@p
bD
T=1, Y=2
gg fusion
Drell-Yan
s = 8 TeV
f3 = 1.5
f4 = -0.9
1
0
2
100 500200 300150 70010
-7
10-6
10-5
10-4
10-3
10-2
10-1
100
mSHQL @GeVD
cr
o
ss
-
se
ct
io
n
@p
bD
T=1, Y=2
gg fusion
Drell-Yan
s = 14 TeV
f3 = 1.5
f4 = -0.9
1
0
2
100 500200 300150 70010
-7
10-6
10-5
10-4
10-3
10-2
10-1
100
mSHQL @GeVD
cr
o
ss
-
se
ct
io
n
@p
bD
Figure 2: Gluon-gluon fusion and Drell-Yan production cross-sections for two different repre-
sentations of SU(2)L. The dashed, solid and dotted lines correspond to the production of scalars
with electric charge equal to +2, +1 and 0, respectively. For the doublet, the effective couplings
are Λ+1 = −3.3, Λ0 = −2.7 and, for the triplet, Λ+2 = −3.9, Λ+1 = −3 and Λ0 = −2.1.
scalar mass changes when mS(Q) ≃ mt, which is due to the different functional form
of the Higgs coupling with gluons when the partonic center-of-mass energy is larger or
smaller than the top mass, see Eq. (3). Moreover, we find that for the electrically neutral
component of the multiplet, the ratio σggFΛ
−2
Q /σDY decreases as the isospin increases.
Nevertheless, due to the complicated dependence of the Drell-Yan cross-section with the
electric charge and the hypercharge, it is not possible to ascertain a pattern within the
members of the same multiplet.
More specifically, we show in Fig. 2 the scalar production cross-sections associated
with the ggF (blue lines) and DY (red lines) sub-processes for fixed values of the quartic
couplings f3 and f4. We consider two specific scenarios: i) doublet with Y = 1 (upper
panels) and ii) triplet with Y = 2 (lower panels). We have checked that for this choice of
quantum numbers the couplings are in agreement with the constraints on the parameter
space discussed earlier in this section. The dashed, solid and dotted lines correspond to
the production of scalars with electric charge equal to +2, +1 and 0, respectively. Notice
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that Eq. (15) sets a lower bound on the mass of each component of the multiplet, which
has been taken into account for the mass range depicted in Fig. 2. In the shown mass
range, the h → γγ signal strength is consistent with the CMS measurement [29] at the
2σ level, while the T parameter does not deviate from the best fit value [30] by more than
1σ. We find, in particular, that the production cross-section of the neutral and charged
component of the doublet is approximately a factor 5 (2) smaller than the corresponding
Drell-Yan cross-section for mS(Q) ≃ 140 GeV and c.o.m. energy of 8 (14) TeV. For
the scalar triplet, the gluon-gluon fusion and Drell-Yan production cross-sections of the
singly charged component differ by a factor smaller than 4 (2) for mS(+1) . 180 GeV at
8 (14) TeV, while electroweak interactions provide clearly the dominant contribution to
the production of the neutral and doubly charged scalars, within all the mass range.
4 Fermion production at the LHC
We consider in this section the impact of the gluon-gluon fusion mechanism on the
production of new fermionic representations at the LHC. In what follows we assume
a simplified scenario with just one extra uncoloured fermion multiplet ψ, which has
Yukawa-type interactions involving the Higgs doublet and the SM leptons L, E: 6
Lψ = cψ¯
(
i /D −mψ
)
ψ + LY (H,ψ, L, E) , (23)
where c is a constant which equals 1 (1/2) if ψ is a Dirac (Majorana) fermion. Depending
on the quantum number assignments, such an interaction may or may not exist at the
renormalizable level. The spontaneous breaking of the electroweak symmetry results in
an interaction between the Higgs boson and the new fermionic mass eigenstate(s), as
well as a mixing between SM lepton flavours and the new fermion(s), which can be
sizeable depending on the details of the model. The requirement of renormalizability
of Lagrangian (23) restricts our analysis to the case in which the new fermion ψ has
zero hyperchange and is either a singlet or a triplet of SU(2)L, as in the well known
type I [5] and type III [6] seesaw extensions of the SM. Here, we have additional heavy
right-handed Majorana neutrinos which mix with the SM left-handed neutrinos. The
mixing between the heavy and light neutrinos can be encoded in a matrix Θαk, which
enters the expression of the light neutrino mass matrix, (mν)αβ = Θ
∗
αkMk Θ
†
kβ. The
matrix elements of Θαk are constrained by lepton flavour violating processes, notably by
µ→ e γ. Typically, |Θαk| . 10−2 in the type I seesaw for a heavy neutrino massM ∼ 100
GeV, whereas the type III requires smaller values for |Θαk| [34].
6A simple interesting alternative are models with vector-like fermions, see e.g. [31] and [32]. For an
analysis of the impact of gluon-gluon fusion in these models, see [33].
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We discuss in this framework the production of heavy Majorana fermions, Nk, and
charged Dirac fermions, Ek, with a mass Mk varying in the electroweak range (see, e.g.,
[34] for a phenomenological analysis of such seesaw scenarios). The production proceeds
either through the Drell-Yan processes or through the gluon-gluon fusion mechanism
involving a Higgs and a Z, as discussed in section 2. For a collider signal analysis of the far
stronger channels qq¯′ →W ∗ → N ℓ± for type I and qq¯ → Z∗ → E+E−, qq¯′ → W ∗ → E±N
for type III, see, e.g., [8]. These channels are not considered here because either the final
state cannot be obtained via a Higgs-mediated process, or it is suppressed by a higher
power of the mixing parameter.
In the particular case of heavy Majorana neutrinos, Nk (k = 1, 2, . . .), involved in
the generation of active neutrino masses through the type I/III seesaw mechanism, the
relevant couplings to the Z and the Higgs boson after electroweak symmetry breaking
can be parametrized by the following effective Lagrangian terms
LNNC = −
g
4 cw
ναL γµΘαk (1− γ5)Nk Zµ + h.c. , (24)
LNH = −
gMk
4mW
ναLΘαk (1 + γ5)Nk h + h.c. , (25)
whereMk is the mass of the kth heavy Majorana neutrino and mW denotes the W boson
mass.
In the type III seesaw scenario, the SM Lagrangian is extended with new fermionic
representations in the adjoint of the weak gauge group. As a consequence, there exists for
each Majorana neutrino Nk one Dirac fermion Ek with electric charge −1 and degenerate
in mass with Nk at leading order. These new heavy charged fermions are coupled to the
electroweak gauge bosons and the SM leptons through the mixing matrix Θαk:
LENC = −
g
2
√
2 cw
ℓα γµΘαk(1− γ5) Ek Zµ + h.c. (26)
Similarly, the coupling of Ej and the Higgs boson is parametrized by the interaction
Lagrangian
LEH = −
gMk
2
√
2mW
ℓαΘαk (1 + γ5) Ek h + h.c. (27)
We consider now the possibility of producing heavy fermionic states in the framework
of the low-scale seesaw scenario. The relevant interactions for the production through
the ggH portal are given in Eqs. (25) and (27). Away from the Higgs resonance and
neglecting the mass of the SM leptons, we obtain for the production cross-section via an
intermediate Higgs boson:
σH (g g → Nk να ; sˆ) = σH
(
g g → Ek ℓα ; sˆ
)
=
π α2em |Θαk|2 G2HM2k (M2k − sˆ)2
512 s4w c
4
wm
2
Z (m
2
h − sˆ)2
, (28)
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where the effective gluon-gluon-Higgs coupling GH is given in Eq. (2). Notice that, for
fermion masses Mk below the Higgs boson mass, the corresponding Nk or Ek production
cross-section is resonantly enhanced.
On the other hand, the relevant interactions for the neutral current interactions are
given in Eqs. (24) and (26). The partonic production cross-section of one heavy fermion
and one massless SM lepton via the ggZ interaction reads
σZ (g g → Nk να ; sˆ) = σZ (g g → Ek ℓα ; sˆ)
=
αem |Θαk|2 G2ZM2k sˆ2
(
1− M2k
sˆ
)2
2048 s2w c
2
wm
4
Z
, (29)
where GZ is given in Eq. (6). As mentioned in section 2, we only consider the top quark
contribution. Note also the absence of a resonance in sˆ = m2Z due to the Landau-Yang
theorem [35]: an on-shell Z boson cannot be produced in the collision of two massless
spin-1 vector bosons.
Lastly, the expressions for the production cross-section in a quark-antiquark collision
read:
σ (u u→ Nk να ; sˆ) = σ
(
u u→ Ek ℓα ; sˆ
)
(30)
=
π α2em |Θαk|2 (sˆ−M2k )2 (M2k + 2 sˆ)
1296 c4w s
4
w (sˆ−m2Z)2 sˆ2
(
9 c4w − 6 c2w s2w + 17 s4w
)
,
σ
(
d d→ Nk να ; sˆ
)
= σ
(
d d→ Ek ℓα ; sˆ
)
(31)
=
π α2em |Θαk|2 (sˆ−M2k )2 (M2k + 2 sˆ)
1296 c4w s
4
w (sˆ−m2Z)2 sˆ2
(
9 c4w + 6 c
2
w s
2
w + 5 s
4
w
)
.
The total fermion production cross-section at the LHC, for a c.o.m. energy
√
s, is given by
the convolution of the corresponding cross-section, Eqs. (28-31), with the corresponding
parton luminosity functions, as described in Eqs. (8-11) and taking τs ≡ M2k/s in the
limit of massless charged leptons.
We report in Fig. 3, left panel, the ratio between the gluon-gluon fusion and the
Drell-Yan production cross-sections of a Majorana neutrino N1 or charged fermion E1
as a function of the fermion mass M1. The two curves correspond to the LHC c.o.m.
energy of 8 TeV (dashed line) and 14 TeV (continuous line), respectively. Notice that, at
lowest order in the mixing parameter, the ratio of σggF and σDY for these final states does
not depend on the mixing between heavy fermions and SM leptons. We also report on
the right panel the production cross-sections for a fixed value of the mixing parameter,
|Θα1| = 10−2, and √s = 14 TeV. As apparent from the plot, the (Higgs-mediated) gluon-
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Figure 3: Left panel: ratio between gluon-gluon fusion and Drell-Yan production cross-sections
of heavy fermions in type I/III seesaw scenarios at
√
s =8 (14) TeV, dashed (continuous) line.
Right panel: Fermion production cross-sections for
√
s =14 TeV and |Θα1| = 10−2. The solid
blue line represents the complete contribution due to gluon-gluon fusion, while the dot-dashed
blue line shows the contribution from ggZ alone.
gluon fusion vertex provides the largest contribution to the fermion production cross-
section for masses Mk . mh, due to the resonant enhancement for fermion masses below
the Higgs pole. This opens the possibility of testing the type I scenario at the energy
frontier via Higgs boson exotic decays. For example, the production and detection of
the heavy Majorana fermions might be feasible via the chain h → ναLNj , with Nj →
ℓβW, νZ and the gauge bosons subsequently decaying producing jets or leptons (see
[36, 37] for detailed discussions about these signals at the LHC). On the other hand, for
larger heavy fermion masses the gluon-gluon fusion process only gives a subdominant
contribution to the total production cross-section, although this contribution can be as
large as 40%-50% for
√
s = 14 TeV and should not be neglected. This is the case, in
particular, of the type III seesaw, where the extra fermion masses are restricted to be
mN & 300 GeV, as follows from the ATLAS search for the final state EN presented in
[38].
5 Perspectives for a
√
s = 100 TeV proton-proton
collider
There is currently a growing discussion within the Particle Physics community regarding
the first steps towards the post-LHC era. In particular, the planning of future high energy
facilities is a long term endeavour and requires careful consideration of the expected
physics opportunities. In this context, it is timely to assess the impact of the gluon-
14
Figure 4: Left panel: Cross-section for the production of an Ek ℓα or Nk να pair with |Θαk| =
10−2 both from Drell-Yan and gluon-gluon fusion for varying
√
s. Right panel: Fermion pro-
duction cross-sections for
√
s =100 TeV and |Θα1| = 10−2 as a function of Mk.
gluon fusion mechanism on the production rate of new particles beyond the SM at future
machines, such as a high energy upgrade of the LHC with 33 TeV center-of-mass energy
[39] or a hypothetical 100 TeV proton-proton collider [40]. In the following, we will
concentrate our discussion mostly on the latter possibility.
We consider for concreteness the production of a charged component of a fermionic
triplet Ek with massMk = 500 GeV and a mixing parameter |Θαk| = 10−2, in association
with a SM fermion ℓα. As can be seen in Fig. 4, left panel, a higher center-of-mass energy
has two main effects on the cross-section. First, a larger value of
√
s at a hadron collider
implies a larger cross-section for both Drell-Yan and the gluon-gluon fusion mechanism,
since parton luminosities increase and a larger multi-body phase space becomes available.
Second, the relative importance of different partons changes, thus leading to both more
flavour democratic contributions to Drell-Yan as well as an increasing relevance of gluon
initial states. For this exemplary case, the relative importance of the gluon-gluon fusion
increases by one order of magnitude and hence the gluon-gluon fusion cross-section σggF
becomes as important as the Drell-Yan contribution σDY at
√
s = 30 TeV and is com-
pletely dominant at
√
s = 100 TeV, as shown in Fig. 4 (left panel). More specifically, and
as apparent from Fig. 4 (right panel), for a 100 TeV proton-proton collider the gluon-
gluon fusion contribution is the dominant production channel for the range of masses
currently allowed by the ATLAS search of the charged component of the fermionic triplet
[38], Mk & 300 GeV. Interestingly, with a proposed luminosity of up to L = 10 ab
−1,
hundreds of events can be expected, provided Mk . 500 GeV.
Qualitatively, the impact on the scalar production is similar, as we find an increase of
the gluon-gluon fusion cross-section σggF(100 TeV) by two orders of magnitude compared
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Figure 5: Left panel: Ratio between Higgs-mediated and Drell-Yan production cross-sections
of a scalar triplet at
√
s = 100 TeV. Right panel: Scalar triplet production cross-sections with
parameters as in Fig. 2 for
√
s = 100 TeV
to σggF(14 TeV) and a sizeable increase with respect to the DY process. As can be seen
in Fig. 5, the larger gluon luminosity can render the gluon-gluon fusion mechanism
dominant for the singly charged component of a scalar triplet, with couplings equal to
the ones in Fig. 2, up to scalar masses of 260 GeV. Furthermore, one expects exotic
scalars to be copiously produced at a 100 TeV collider with a luminosity of 10 ab−1.
More specifically, we estimate that at least 107 to 104 pairs of singly charged scalars
can be produced for masses in the range 100 to 700 GeV, even if ΛQ should happen to
be small.
6 Conclusions
We have investigated in this work the production of exotic fermions and scalars at the
Large Hadron Collider via gluon-gluon fusion, in scenarios where the extra states couple
to the SM Higgs boson. More concretely, we have studied extensions of the SM by just
one complex scalar field or by one fermionic field. The gauge symmetry does not restrict
the gauge quantum numbers of the scalar field, while the fermionic field must be either a
singlet or a SU(2)L triplet with no hypercharge and no colour, as in the type I and type
III seesaw mechanisms, respectively. In many of these scenarios, then, the extra states
have also electroweak interactions and can be produced by the Drell-Yan process with
the mediation of a photon or a Z boson. For the production of exotic scalar particles,
we have found that the Higgs-mediated processes can give sizeable contributions to the
total cross-section when the quartic couplings are & O(1), which can be comparable
to the QCD or electroweak corrections. On the other hand, for the production of exotic
16
fermionic particles, the relative size of both contributions does not depend on the Yukawa
coupling in the minimal scenario considered in this work. We find for this case that the
Higgs-mediated channel dominates the production when the mass of the fermion is . 120
GeV. Lastly, motivated by the current discussions on the physics opportunities at future
proton-proton colliders, we have briefly addressed the prospects to produce new exotic
scalars and fermions in this hypothetical machine. We find that, in general, the Higgs
interaction gives a non-negligible contribution to the total production cross-section and
that the gluon-gluon fusion constitutes the dominant contribution to the production of
heavy fermions at
√
s = 100 TeV.
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